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ARTIFICIAL VALVE WITH CENTER 
LEAFLET ATTACHMENT 

RELATED APPLICATIONS 

This non-provisional patent application claims priority to 
Us. Provisional Patent Application No. 60/729,260, ?led 
Oct. 21, 2005, the contents of Which are incorporated by 
reference in their entirety. 

TECHNICAL FIELD 

This invention relates to medical devices, more particularly 
to arti?cial valve prostheses and the like. 

BACKGROUND 

Many vessels in animals transport ?uids from one bodily 
location to another. In some vessels, such as mammalian 
veins, natural valves are positioned along the length of the 
vessel to permit ?uid ?oW in a substantially unidirectional 
manner along the length of the vessel. These natural valves 
are particularly important in the loWer extremities to prevent 
blood from pooling in the loWer legs and feet during situa 
tions, such as standing or sitting, When the Weight of the 
column of blood in the vein can act to prevent positive blood 
?oW toWard the heart. A condition, commonly knoWn as 
“chronic venous insu?iciency”, is primarily found in indi 
viduals Where gradual dilation of the veins, thrombotic 
events, or other conditions prevent the lea?ets of the native 
valves from closing properly. This leads to signi?cant leakage 
of retrograde ?oW such that the valve is considered “incom 
petent”. Chronic venous insu?iciency is a potentially serious 
condition in Which the symptoms can progress from painful 
edema and unsightly spider or varicose veins to skin ulcer 
ations. Elevation of the feet and compression stockings can 
relieve symptoms, but do not treat the underlying disease. 
Untreated, the disease can impact the ability of individuals to 
maintain their normal lifestyle. 

To treat venous valve insu?iciency, a number of surgical 
procedures have been employed to improve or replace the 
native valve, including placement of arti?cial valve prosthe 
ses. These efforts have met With limited success and have not 
been Widely adopted as methods of treating chronic venous 
insuf?ciency. More recently, efforts have been directed 
toWards ?nding a suitable self-expanding or radially-expand 
able arti?cial valve prostheses that can be placed using mini 
mally invasive techniques, rather than requiring open surgery 
and its obvious disadvantages. Thus far, use of prosthetic 
venous valves has remained experimental only. 

Prosthetic valves have been developed that use a support 
frame such as a stent. Frequently, a graft member is attached 
to the support frame and provides a valve function to the 
device. For example, the graft member can be in the form of 
a lea?et that is attached to a stent and movable betWeen ?rst 
and second positions. In a ?rst position, the valve is open and 
alloWs ?uid ?oW to proceed through a vessel in a ?rst direc 
tion, and in a second direction the valve is closed to restrict 
?uid ?oW in a second, opposite direction. Examples of such 
prosthetic valves are described in commonly oWned U.S. Pat. 
No. 6,508,833, ?led Mar. 21, 2001, and Us. Publication No. 
2004/0186558, published Sep. 23, 2004. Another example of 
a prosthetic valve assembly, including a valve seat and a 
movable valve composed of a ?exible member, is provided by 
U.S. Pat. No. 5,413,599, ?led Dec. 13, 1999. 

Prosthetic valves are designed to replace or supplement the 
function of incompetent natural valves. The use of an expand 
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2 
able support frame in valve devices alloWs for the use of 
minimally invasive delivery devices and techniques for place 
ment of the valves Within body vessels, Which Will likely 
loWer the overall cost of treatment and increase the accep 
tance of these medical devices by practitioners and patients 
alike. 

SUMMARY 

The present invention provides arti?cial valve prostheses, 
such as arti?cial venous valves, having a valve structure and 
a self-expanding or otherWise expandable support structure. 
In one embodiment, the present invention provides a valve 
prosthesis for regulating ?uid ?oW through a body vessel. The 
valve prosthesis includes a support structure having an outer 
frame de?ning a lumen and a transverse member dividing the 
lumen into a ?rst lumen segment and a second lumen seg 
ment. The valve prosthesis also includes a ?rst and a second 
valve lea?et. Portions of the perimeter of the valve lea?ets are 
attached to the transverse member and to the outer frame 
proximal of the transverse member to form a enclosure and 
having a proximal opening de?ned by the portions of a perim 
eter of the valve lea?ets attached to the outer frame and by 
portions of the perimeter of the valve lea?ets not attached to 
the outer frame. 

The ?rst valve lea?et is positioned Within the ?rst lumen 
segment and the second valve lea?et is positioned Within the 
second lumen segment. The valve lea?ets are deformable 
betWeen a ?rst position alloWing ?uid ?oW in a ?rst, ante 
grade, direction and a second position restricting ?uid ?oW in 
a second, retrograde, direction. 

Another embodiment of the invention provides an arti?cial 
valve having a support structure including an outer frame 
de?ning a lumen With tWo ends, tWo valve lea?ets joined at 
one end to form a joined end, Which extends across the lumen 
near one end of the lumen and divides the lumen into tWo 
portions, each lea?et having an end partially attached to the 
outer frame near the end of the lumen opposite the joined end 
and tWo sides attached along a length of the outer frame. The 
lea?ets are deformable betWeen a ?rst position that permits 
?uid ?oW in an antegrade direction through the blood vessel 
and a second position that restricts ?uid ?oW in a retrograde 
direction. 

In one embodiment, support structure includes a polymeric 
material. In other embodiments, the support structure 
includes a material selected from a group consisting of stain 
less steel, nickel, silver, platinum, gold, titanium, tantalum, 
iridium, tungsten, self-expanding nickel titanium alloys, and 
inconel. 

In one embodiment, the valve lea?ets include a material 
selected from the group consisting of a synthetic biocompat 
ible polymer, cellulose acetate, cellulose nitrate, silicone, 
polyethylene, teraphthalate, polyurethane, polyamide, poly 
ester, polyor‘thoester, poly anhydride, polyether sulfone, 
polycarbonate, polypropylene, high molecular Weight poly 
ethylene, a ?uoroplastic material, polytetra?uoroethylene, or 
mixtures or copolymers thereof; polylactic acid, polyglycolic 
acid or copolymers thereof, a polyanhydride, polycaprolac 
tone, polyhydroxy-butyrate valerate, polyhydroxyalkanoate, 
a polyetherurethane urea, naturally derived or synthetic col 
lagenous material, an extracellular matrix material, submu 
cosa, small intestinal submucosa, stomach submucosa, uri 
nary bladder submucosa, uterine submucosa, renal capsule 
membrane, dura mater, pericardium, serosa, peritoneum or 
basement membrane materials, and liver basement mem 
brane. 
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In one embodiment, the arti?cial valve prosthesis includes 
a support structure having an outer frame de?ning a lumen 
and a plurality of radial members each having a ?rst end and 
a second end. The ?rst ends of the radial members are joined 
Within the lumen and the second end of each of the radial 
members is attached to the outer frame at positions proximal 
of the ?rst ends of the radial members. The valve prosthesis 
also includes a plurality of valve lea?ets. A ?rst portion of the 
perimeter of each of the valve lea?ets is attached to adjacent 
radial members and a second portion of the perimeter of each 
of the valve lea?ets extends betWeen the adjacent radial mem 
bers. The valve lea?ets form an enclosure and having a proxi 
mal opening de?ned by the portions of the perimeter of the 
valve lea?ets extending betWeen the radial members. Each of 
the plurality of valve lea?ets is deformable betWeen a ?rst 
position alloWing ?uid ?oW in a ?rst, antegrade, direction and 
a second position restricting ?uid ?oW in a second, retro 
grade, direction. 

In one embodiment, the arti?cial valve prosthesis includes 
a support structure having an outer frame de?ning a lumen 
With tWo ends and tWo lea?ets joined at one end. The joined 
end of the valve lea?ets extends across the lumen near one end 
of the lumen so as to divide the lumen into tWo portions. Each 
valve lea?et has an end partially attached to the outer frame 
near the end of the lumen opposite the joined end and tWo 
sides attached along a length of the outer frame. The valve 
lea?ets are deformable betWeen a ?rst position that permits 
?uid ?oW in an antegrade direction through the blood vessel 
and a second position that restricts ?uid ?oW in a retrograde 
direction. 

In yet another embodiment, the present invention provides 
a method of treating a subject. The method includes deliver 
ing an arti?cial valve prosthesis of the present invention to a 
region of a body vessel in a compressed state and deploying 
the valve prosthesis in an expanded state. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the present invention Will noW be 
described by Way of example With reference to the accompa 
nying draWings. 

FIGS. 1(a) and 1(b) are schematic vieWs of an illustrative 
embodiment of the present invention. FIG. 1(a) depicts a 
valve prosthesis having tWo valve lea?ets positioned to 
restrict retrograde ?uid ?oW. FIG. 1(b) depicts a valve pros 
thesis having tWo valve lea?ets positioned to alloW antegrade 
?uid ?oW. FIGS. 1(c) and 1(d) are schematic vieWs of another 
illustrative embodiment of the present invention. FIG. 1(c) 
depicts a valve prosthesis having tWo valve lea?ets positioned 
to restrict retrograde ?uid ?oW. FIG. 1(d) depicts a valve 
prosthesis having tWo valve lea?ets positioned to alloW ante 
grade ?uid ?oW. FIGS. 1(e) and 10’) are schematic vieWs of 
another illustrative embodiment of the present invention. 
FIG. 1(e) depicts a valve prosthesis having tWo valve lea?ets 
positioned to restrict retrograde ?uid ?oW. FIG. 10’) depicts a 
valve prosthesis having tWo valve lea?ets positioned to alloW 
antegrade ?uid ?oW. 

FIG. 2 is a schematic vieW of another illustrative embodi 
ment of the present invention. FIG. 2(a) depicts a valve pros 
thesis having three valve lea?ets positioned to restrict retro 
grade ?uid ?oW. FIG. 2(b) depicts a valve prosthesis having 
three valve lea?ets positioned to alloW antegrade ?uid ?oW. 

FIG. 3 is a schematic vieW of yet another illustrative 
embodiment of the present invention. FIG. 3(a) depicts a 
valve prosthesis having four valve lea?ets positioned to 
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4 
restrict retrograde ?uid ?oW. FIG. 3(b) depicts a valve pros 
thesis having four valve lea?ets positioned to alloW antegrade 
?uid ?oW. 

FIG. 4(a) is a schematic vieW of another illustrative 
embodiment of the present invention. A valve prosthesis is 
shoWn including a support structure having a ?rst section and 
a second section that are spaced apart from one another, 
de?ning an intermediate section containing three radial mem 
bers and attached valve lea?ets. FIG. 4(b) is a schematic vieW 
of an illustrative embodiment of the present invention includ 
ing a support structure having a one section. FIG. 4(0) is a 
schematic vieW of another illustrative embodiment of the 
present invention including a support structure having a one 
section. 

FIGS. 5(a) and 5(b) are schematic vieWs of illustrative 
embodiments of the present invention depicting valve pros 
theses alloWing for limited retrograde ?uid ?oW. 

DETAILED DESCRIPTION 

De?nitions 
Unless otherWise de?ned, all technical and scienti?c terms 

used herein have the same meaning as commonly understood 
by one of ordinary skill in the art to Which this invention 
pertains. In case of con?ict, the present document, including 
de?nitions, Will control. Preferred methods and materials are 
described beloW, although methods and materials similar or 
equivalent to those described herein can be used in the prac 
tice or testing of the present invention. The materials, meth 
ods, and examples disclosed herein are illustrative only and 
not intended to be limiting. 

The term “implantable” refers to an ability of a medical 
device to be positioned at a location Within a body, such as 
Within a body vessel. Furthermore, the terms “implantation” 
and “implanted” refer to the positioning of a medical device at 
a location Within a body, such as Within a body vessel. 
An “alloy” is a substance composed of tWo or more metals 

or of a metal and a nonmetal united, such as by chemical or 
physical interaction. Alloys can be formed by various meth 
ods, including being fused together and dissolving in each 
other When molten, although molten processing is not a 
requirement for a material to be Within the scope of the term 
“alloy.” As understood in the art, an alloy Will typically have 
physical or chemical properties that are different from its 
components. 
A “biodegradable” material is a material that dissipates 

upon implantation Within a body, independent of the mecha 
nisms by Which dissipation can occur, such as dissolution, 
degradation, absorption and excretion. The actual choice of 
Which type of materials to use may readily be made by one of 
ordinary skill in the art. Such materials are often referred to by 
different terms in the art, such as “bioresorbable,” “bioab 
sorbable,” or “biodegradable,” depending upon the mecha 
nism by Which the material dissipates. The pre?x “bio” indi 
cates that the erosion occurs under physiological conditions, 
as opposed to other erosion processes, caused for example, by 
high temperature, strong acids or bases, UV light or Weather 
conditions. 
A “biocompatible” material is a material that is compatible 

With living tissue or a living system by not being toxic or 
injurious and not causing immunological rejection. 
A “non-bioabsorbable” or “biostable” material refers to a 

material, such as a polymer or copolymer, Which remains in 
the body Without substantial dissipation. 
A “remodelable material” is a material that, When 

implanted in vivo, is capable of being resorbed by the body or 
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providing a matrix for the regrowth of autologous cells. In 
some embodiments, ?uid contacting autologous cells on an 
implanted remodelable material interface can affect the 
groWth of autologous tissue on the implanted remodelable 
material. 

The phrase “controlled release” refers to the release of an 
agent at a predetermined rate. A controlled release may be 
constant or vary With time. A controlled release may be char 
acteriZed by a drug elution pro?le, Which shoWs the measured 
rate that the agent is removed from a device in a given solvent 
environment as a function of time. For example, a controlled 
release elution pro?le from a valve prosthesis may include an 
initial burst release associated With the deployment of the 
valve prosthesis, folloWed by a more gradual subsequent 
release. A controlled release may be a gradient release in 
Which the concentration of the agent released varies over time 
or a steady state release in Which the agent is released in equal 
amounts over a certain period of time (With or Without an 
initial burst release). 
As used herein, the phrase “bioactive agent” refers to any 

pharmaceutically active agent that produces an intended 
therapeutic effect on the body to treat or prevent conditions or 
diseases. 

Implantable Valve Prostheses 
For the purposes of promoting an understanding of the 

principles of the invention, reference Will noW be made to the 
embodiments illustrated in the draWings and speci?c lan 
guage Will be used to describe the same. It Will nevertheless 
be understood that no limitation of the scope of the invention 
is thereby intended, and alterations and modi?cations in the 
illustrated device, and further applications of the principles of 
the invention as illustrated therein are herein contemplated as 
Would normally occur to one skilled in the art to Which the 
invention relates. 

Devices and systems of the invention are desirably adapted 
for deployment Within a body lumen, and in particular 
embodiments, devices and systems of the invention are 
adapted for deployment Within the venous system. Accord 
ingly, preferred devices adapted are venous valves, for 
example, for percutaneous implantation Within veins of the 
legs or feet to treat venous insu?iciency. 

One aspect of the present invention provides a self-expand 
ing or otherWise expandable arti?cial valve prosthesis for 
deployment Within a bodily passageWay, such as a vessel or 
duct of a patient. The prosthesis is typically delivered and 
implanted using Well-known transcatheter techniques for 
self-expanding or otherWise expandable prostheses. The 
valve prosthesis is positioned so as to alloW antegrade ?uid 
?oW and to restrict retrograde ?uid ?oW. Antegrade ?uid ?oW 
travels from the distal (upstream) end of the prosthesis to the 
proximal (doWnstream) end of the prosthesis, the latter being 
located closest to the heart in a venous valve When placed 
Within the loWer extremities of a patient. 

The valve prostheses of the present invention include a 
support structure and one or more valve lea?ets. The valve 
lea?ets are positioned Within a vessel and supported by the 
support structure. The support structure includes an outer 
frame that, When positioned in a body vessel, generally con 
forms to the shape of the vessel Wall and de?nes a lumen 
Within the vessel. The support structure also includes one or 
more members positioned Within the lumen and connected to 
the outer frame. For the purposes of the invention, a “radial 
member” is a member of the support structure that extends 
from the outer frame into the lumen on the vessel. A “trans 
verse member” is a member of the support structure that 
extends from the outer frame across the lumen on the vessel. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
The valve lea?ets are con?gured to deform to selectively 

alloW ?uid ?oW in an antegrade direction and to restrict ?uid 
in a retrograde direction by opening or closing in response to 
changes in the ?uid pressure differential Within the vessel, 
such as in the presence of retrograde ?oW. 

Illustrative Valve Pro stheses 
FIGS. 1(a) and 1(b) depict an illustrative embodiment of an 

arti?cial valve prosthesis of the present invention. The arti? 
cial valve prosthesis includes a support structure having an 
outer frame 101 de?ning a lumen and supporting at least one 
transverse member 104 traversing the lumen and dividing the 
lumen into tWo segments. Portions of the perimeter of valve 
lea?ets 110 and 111 are attached to transverse member 104 
and to the outer frame 101. Valve lea?et 110 is positioned in 
one lumen segment and valve lea?et 111 in the other lumen 
segment. A valve lea?et is positioned Within a particular 
lumen segment When it is positioned in a portion of the lumen 
de?ned by a segment of the vessel Wall and a plane 120 
formed by the transverse member 1 04 and the distal-proximal 
axis of the outer frame of the valve prosthesis. 

In one embodiment, transverse member 104 includes at 
least one curved portion con?gured to alloW this member to 
transform from a collapsed and an expanded state during 
deployment of the arti?cial valve prosthesis. Alternatively, 
transverse member 104 may include telescopic elements that 
expand during deployment of the arti?cial valve prosthesis. 

In one embodiment, valve lea?ets 110 and 111 are attached 
to the outer frame doWnstream (With respect to antegrade 
?oW) to the region of attachment to transverse member 104. 
FIGS. 1(a) and 1(b) illustrate such an attachment. Valve leaf 
let 110 is attached to the outer frame 101 at members 112 and 
113 and valve lea?et 111 is attached to the outer frame at 
members 112 and 114. Portion 109 of the perimeter of valve 
lea?et 110 and portion 115 of the perimeter of valve lea?et 
111 are not attached to the outer frame or to transverse mem 

ber 104. The attachment of valve lea?ets 110 and 111 to the 
transverse member 104 and to the outer frame 112 is such that 
the valve lea?ets form an enclosure 108 having a opening 
facing the proximal end of the valve prosthesis and de?ned by 
portions 116 of a perimeter of the valve lea?ets attached to the 
outer frame and by free portions 109 and 115 of the perimeter 
of the valve lea?ets. 
When positioned With a vessel 100, valve lea?ets 110 and 

111 are deformable, in response to the direction of ?uid ?oW 
Within the vessel, betWeen a ?rst position alloWing ?uid ?oW 
in a ?rst, antegrade, direction to a second position restricting 
?uid ?oW in a second, retrograde, direction. In FIG. 1(a), the 
valve lea?ets are positioned so as to restrict ?uid ?oW in a 
retrograde direction. Here, portions of the valve lea?ets adja 
cent to perimeterportions 109 and 115 are positioned toWards 
the Wall of vessel 100. 

In FIG. 1(b), valve lea?ets 110 and 111 are positioned to 
alloW ?uid ?oW in an antegrade direction. In this con?gura 
tion, the bodies of valve lea?ets 110 and 111 are positioned 
closer together. Perimeter portions 109 and 115 are posi 
tioned aWay from the Wall of vessel 100 so as to form an 
opening in each lumen segment and hence alloWing antegrade 
?uid ?oW. 

FIGS. 1(c) and 1(d) depict another illustrative embodiment 
of an arti?cial valve prosthesis of the present invention. In this 
embodiment, transverse member 104 is positioned closer to 
the proximal (downstream) end of the prosthesis and the valve 
lea?ets are not attached to members 112. Valve prostheses of 
the present invention may include one of more ?llits 117 
comprising one or more bends. Fillets are Well knoWn in the 
valve prosthesis art as a means to reduce stresses in bends 
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positioned to allow radial compression of the prosthesis 
frame. Further examples of ?llets are disclosed in copending 
patent U.S. patent application Ser. No. 10/ 642,372 entitled, 
Implantable Vascular Device, ?led Aug. 15, 2003, the con 
tents of Which are incorporated herein by reference. 

FIGS. 1(e) and IQ’) depict another illustrative embodiment 
of an arti?cial valve prosthesis of the present invention. In this 
embodiment, transverse member 104 is not present. Instead, 
portions of the perimeter of valve lea?ets 110 and 111 are 
joined to each other to form a continuous surface, as in illus 
trated in FIGS. 1(e) and IQ’). Alternatively, valve lea?ets 110 
and 111 may be formed from a single piece of material that is 
joined to the outer frame 101 at members 112 and 113. 

FIGS. 2(a) and 2(b) depict another illustrative embodiment 
of an arti?cial valve prosthesis of the present invention. The 
arti?cial valve prosthesis includes a support structure having 
an outer frame 201 de?ning a lumen and supporting at three 
radial members 204, 205 and 206 each having a ?rst end 
joined With the ?rst end of other radial members Within the 
lumen and a second end attached, at positions 210, 211 and 
212 respectively, on the circumference of portion 202 of the 
outer frame 201. The radial members are joined to outer frame 
201 at a position proximal to the position of joining of the ?rst 
ends of the radial members. 

Each of valve lea?ets 207, 208 and 209 is attached to tWo 
adjacent members of radial members 204, 205 and 206 so as 
to form an enclosure 213 as is illustrated in FIG. 2(a). Por 
tions of the perimeter of valve lea?et 208 are attached to 
adjacent radial members 204 and 206. Portion 215 of the 
perimeter of valve lea?et 208 extends betWeen the positions 
of attachment 210 and 212 and is not attached to the radial 
members or the outer frame 201. Similarly, portions of the 
perimeter of valve lea?et 209 are attached to adjacent radial 
members 204 and 205 and portions of the perimeter of valve 
lea?et 207 are attached to radial members 205 and 206. Por 
tion 214 of valve lea?et 207 and portion 216 of valve lea?et 
209 are not attached to the radial members or the outer frame 
201. Enclosure 213 opens toWards the proximal end of the 
valve prosthesis by an opening de?ned by portions 214, 215 
and 216 of the perimeter of valve lea?ets 207, 208 and 209 
extending betWeen adjacent radial members. 
When positioned With a vessel 200, valve lea?ets 207, 208 

and 209 are deformable, in response to the direction of ?uid 
?oW Within vessel 200, betWeen a ?rst position alloWing ?uid 
?oW in a ?rst, antegrade, direction and a second position 
restricting ?uid ?oW in a second, retrograde, direction. In 
FIG. 2(a), valve lea?ets 207, 208 and 209 are positioned so as 
to restrict ?uid ?oW in a retrograde direction. Portions 214, 
215 and 216 of the perimeter of valve lea?ets 207, 208 and 
209 are positioned toWards the Wall of vessel 200. 

In FIG. 2(b), valve lea?ets 207, 208 and 209 are positioned 
to alloW ?uid ?oW in an antegrade direction. In this con?gu 
ration, the bodies of valve lea?ets 207, 208 and 209 are 
positioned toWards the center of the lumen. Free portions 214, 
215 and 216 are positioned aWay from the Wall of the vessel 
so as to form openings, betWeen free portions 214, 215 and 
216 and the corresponding segments of the outer frame 217, 
218 and 219 respectively, alloWing antegrade ?uid ?oW. 

In the embodiment illustrated in FIGS. 2(a) and 2(b), the 
?rst ends of the of the radial members 204, 205 and 206 are 
joined at a common position Within the lumen and the second 
end of each of the radial members is attached to the outer 
frame at an equal proximal distance from the common posi 
tion and at positions equally spaced around a circumference 
of the outer frame. In this embodiment, radial members 204, 
205 and 206 are of equal length. 
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The present invention also includes embodiments Where 

radial members 204, 205 and 206 are not of equal length. In 
such embodiments, the second end of each of the radial mem 
bers may be attached to the outer frame at differing proximal 
distances from the position of joining of the ?rst ends of the 
radial members. Also, the second ends of the radial members 
may be attached at positions not equally spaced around a 
circumference of the outer frame. 

FIGS. 3(a) and 3(b) illustrate yet another embodiment of 
an arti?cial valve prosthesis of the present invention. This 
embodiment includes a support structure having an outer 
frame 301 de?ning a lumen and supporting at four radial 
members 304, 305, 306 and 307 each having one end joined 
to the other radial members Within the lumen and the other 
end attached at the circumference of portion 302 of the outer 
frame 301. The second ends of radial members 304, 305, 306 
and 307 are joined to the outer frame at a position proximal to 
the position of joining of the ?rst ends of the radial members. 
As in the case of the valve prosthesis illustrated in FIGS. 

2(a) and 2(b), each of valve lea?ets is attached to tWo of radial 
members so as to form an enclosure 313 as is illustrated in 

FIG. 3(a). When positioned With a vessel 300, the valve 
lea?ets are deformable, in response to the direction of ?uid 
?oW Within the vessel, betWeen a ?rst position alloWing ?uid 
?oW in a ?rst, antegrade, direction to a second position 
restricting ?uid ?oW in a second, retrograde, direction. In 
FIG. 3(a), valve lea?ets 308, 309, 310 and 311 are positioned 
so as to restrict ?uid ?oW in a retrograde direction. Free 
portions of the perimeter of valve lea?ets are positioned 
toWards the Wall of vessel 300. 

In FIG. 3(b), the valve lea?ets are positioned to alloW ?uid 
?oW in an antegrade direction. In this con?guration, the bod 
ies of valve lea?ets 308, 309, 310 and 311 are positioned 
toWards the center of the lumen. Free portions 312, 313, 314 
and 315 are positioned aWay from the Wall of vessel 301 so as 
to form openings, betWeen these portions and the correspond 
ing segments of the vessel Wall, alloWing antegrade ?uid ?oW. 

In the above embodiments, the amount of slack in the valve 
lea?et material helps determine hoW Well the valve lea?ets 
restrict retrograde ?oW and hoW large of an opening they 
permit during antegrade ?oW. In one embodiment of the 
present invention, the valve prosthesis is con?gured such that 
the distance formed betWeen the valve lea?ets in their fully 
open position is such that the cross sectional area available for 
antegrade ?uid ?oW is betWeen 90 and 10 percent of the cross 
sectional area of the outer frame in the region of attachment of 
the valve lea?ets to the support frame. In another embodi 
ment, the valve prosthesis is con?gured such that the cross 
sectional area available for antegrade ?uid ?oW is betWeen 70 
and 30 percent of the cross sectional area of the outer frame in 
the region of attachment of the valve lea?ets to the support 
frame. In yet another embodiment, the valve prosthesis is 
con?gured such that the cross sectional area available for 
antegrade ?uid ?oW is betWeen 50 and 40 percent of the cross 
sectional area of the outer frame in the region of attachment of 
the valve lea?ets to the support frame. 

Elements shoWn in the embodiments described herein can 
be added to and/ or exchanged With other embodiments to 
provide additional embodiments. It Will also be understood 
that other valve body con?gurations are also contemplated as 
being Within the scope of the present invention. For example, 
valves having ?ve or more valve lea?ets are contemplated. 
Hence, the number of lea?ets possible for embodiments of the 
present invention can be one, tWo, three, four, or any practical 
number, but bi-lea?et valves may prove advantageous in loW 
?oW venous situation as compared to tri-lea?et embodiments, 
such the type used as heart valves. The valve lea?ets may be 
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of equal size and shape or of differing size and shape depend 
ing on the con?guration of the supporting frame members. 

Valve Prosthesis Support Structure 
The support structure used in the arti?cial valve prosthesis 

of the present invention can be, for example, formed from 
Wire, cut from a section of cannula, molded or fabricated from 
a polymer, biomaterial, or composite material, or a combina 
tion thereof. The pattern (i.e., con?guration of struts and 
cells) of the outer frame, including any anchoring portion(s), 
Which is selected to provide radial expandability to the pros 
thesis is also not critical for an understanding of the invention. 
Any support structure is applicable for use With the claimed 
valve prosthesis so long as this structure supports the valve 
lea?ets in the required position. Numerous examples of sup 
port structures are disclosed in copending patent US. patent 
application Ser. No. 10/642,372 entitled, Implantable Vascu 
lar Device, ?led Aug. 15, 2003, the contents of Which are 
incorporated herein by reference. 

FIG. 4(a) illustrates an embodiment of the present inven 
tion in Which the valve prosthesis includes a support structure 
having a ?rst section 401 and a second section 402 that are 
spaced apart from one another, de?ning an intermediate sec 
tion 403 containing three radial members 404, 405 and 406 
and attached valve lea?ets 407, 408 and 409. Of course, the 
present invention encompasses embodiments Where tWo four 
or more lea?ets are present. 

Sections 401 and 402, Which can comprise a pair of radially 
expandable or self-expanding anchoring portions, are joined 
by one or more interconnecting members 411. The radial 
members 404, 405 and 406 are attached to section 401. In 
embodiments of the present invention, the anchoring portions 
may function as stents to help the bodily passage remain 
open, but their primary function is limited to engaging the 
bodily passage to the radial members and hence the valve 
lea?ets. The anchoring portions may include one or more 
barbs 410. 

In certain embodiments, the intermediate section 403 is a 
substantially open section. The term “substantially open sec 
tion” is used herein to de?ne a largely unsupported portion of 
the bodily passage in Which at least some minimal intercon 
necting structure is present that traverses the unsupported 
portion of the bodily passage, but that comprises very limited 
surface area and typically supplies minimal, if any, force 
against the Walls of the passageWay lateral to the valve pros 
thesis. 

The valve prosthesis is con?gured so that it advantageously 
expands With the deployment of the proximal and distal sec 
tions 401 and 402 and radial members 404, 405 and 406 such 
that, When positioned by retrograde ?oW, the outerportions of 
valve lea?ets 407, 408 and 409 are positioned toWards the 
vessel Wall suf?ciently to at least substantially prevent leak 
age of bodily ?uid around the valve structure. 

The present invention also encompasses embodiments 
Where only one of sections 401 or 402 is present. One such 
embodiment is illustrated in FIG. 4(b). In this embodiment, 
interconnecting members 412, 413 and 414 extend from sup 
port section 402 to support radial members 404, 405 and 406 
respectively. FIG. 4(0) illustrates yet another such embodi 
ment. In this embodiment, a support section 401 is positioned 
doWnstream (With respect to antegrade ?oW) of and attached 
to radial members 404, 405 and 406. 

Controlled Retrograde FloW 
The arti?cial valve prosthesis of the present invention can 

be con?gured to permit a controlled amount of retrograde 
?oW through a body vessel despite the presence of the valve 
prosthesis. This may be desirable for a variety of reasons. For 
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10 
example, alloWance of a controlled amount of retrograde ?oW 
can assist in the prevention of pooling of ?uid When the valve 
prosthesis is in a closed or substantially closed con?guration 
in the body vessel. 
Any suitable means for permitting a controlled amount of 

retrograde ?oW to pass through the valve prosthesis can be 
used in any of the embodiments described herein. FIG. 5 
illustrates embodiments of an arti?cial valve prosthesis that 
includes suitable means forperrnitting a controlled amount of 
retrograde ?oW. In the embodiment depicted in FIG. 5(a), the 
valve prosthesis includes three valve lea?ets supported by 
radial members 503, 504 and 505. The valve lea?ets are 
positioned Within a vessel to restrict retrograde ?oW in the 
vessel. Portions of the perimeter of each valve lea?et attach 
the lea?et betWeen tWo of the radial members. For example, 
valve lea?et 506 is attached betWeen radial members 503 and 
504. HoWever, one or more regions of the perimeter of valve 
lea?et perimeter 501 along radial members 503 and 504 are 
not attached to these members resulting in the formation of an 
aperture betWeen portions of the perimeter of the valve lea?et 
and the corresponding radial member. When the valve lea?ets 
are positioned to restrict retrograde ?oW, a limited amount of 
retrograde is therefore permitted. FIG. 5(b) depicts another 
embodiment of the present invention permitting a controlled 
amount of retrograde ?oW. In this embodiment, apertures 502 
are present in the body of the valve lea?ets of a valve pros 
thesis having three valve lea?ets. When the valve lea?ets are 
positioned to restrict retrograde ?oW, a limited amount of 
retrograde is can occur through these apertures. 

The present invention contemplates valve prostheses hav 
ing at least one valve lea?et including one or more apertures 
in the body of the valve lea?et(s) and or having one or aper 
tures betWeen a portion of the perimeter of one or more valve 
lea?ets and the corresponding radial member or having a 
combination of such apertures. 
The quantity of retrograde ?oW that passes through an 

aperture is controlled by the overall dimensions and con?gu 
ration of the aperture, including the siZe of the lumen of the 
aperture. A larger lumen alloWs a greater amount of retro 
grade ?oW to pass through the valve prosthesis While a rela 
tively smaller lumen Will alloW a relatively lesser amount of 
retrograde ?oW to pass. The dimensions and con?guration of 
the aperture of each embodiment can be optimiZed based 
upon the vessel in Which the valve prosthesis is placed. The 
siZe and con?guration selected Will depend on several factors, 
including the vessel siZe, typical ?oW volumes and rates, and 
others. The lumen is advantageously siZed to alloW a desired 
amount of retrograde ?oW pass through the lumen during 
periods of retrograde ?oW. The aperture should be small 
enough, though, to still alloW the valve prosthesis to substan 
tially prevent retrograde ?oW When the valve prosthesis is in 
a closed con?guration. 

Thus, the aperture is advantageously siZed so as to not 
alloW a majority of retrograde ?oW to pass through the aper 
ture. In one embodiment, the total open area of the aperture is, 
at a maximum, less than the cross-sectional area of the vessel 
lumen. As used herein, the term “total open area”, in relation 
to the aperture, refers to the total area of the aperture When the 
entire perimeter of the aperture lies in the same plane. 
The aperture advantageously can be siZed to mimic the 

degree of retro grade ?oWithe leakinessithat is present in a 
natural valve located at the point of treatment in the body 
vessel. Accordingly, the dimensions of the aperture can be 
determined and optimiZed based upon the vessel in Which the 
frameless grafting prosthesis is to be placed. For venous valve 
applications, the total open area of the aperture is advanta 
geously less than about 50% of the cross-sectional area of the 
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vessel at the intended point of deployment. More advanta 
geously, the total open area of the aperture is less than about 
25% of the total cross-sectional area of the vessel at the 
intended point of deployment. In one example, a device is 
con?gured for placement in a vessel having a total cross 
sectional area of about 50 m2. In this example, the aperture 
has a total open area of about 20 m2. Also for venous valve 
applications, a circular lumen With a diameter of betWeen 
about 0.5 and about 3.0 mm has been found to be suitable. In 
a speci?c venous valve example, a circular lumen With a 
diameter of about 1 mm has been found to be suitable. In 
another speci?c venous valve example, a circular lumen With 
a diameter of about 2 mm has been found to be suitable. 

The aperture can have any suitable shape. Examples of 
speci?cally contemplated shapes include circular, ovoid, tri 
angular, square, rectangular, and tear-drop shaped openings. 
Furthermore, multiple openings can be used. In these 
embodiments, the sum total open area of all openings is 
advantageously in accordance With the parameters described 
above. Further examples of valves having apertures alloWing 
limited retrograde ?oW are disclosed in US. 2004/ 
0225352Al, published Nov. 11, 2004, the contents of Which 
are incorporated herein by reference. 

Support Structure Composition 
The materials used in the support structure, including the 

outer frame and the radial members can be selected from a 
Well-knoWn list of suitable metals and polymeric materials 
appropriate for the particular application, depending on nec 
essary characteristics that are required (self-expansion, high 
radial force, collapsibility, etc.). Suitable metals or metal 
alloys include: stainless steels (e.g., 316, 316L or 304), 
nickel-titanium alloys including shape memory or superelas 
tic types (e.g., nitinol or elastinite); inconel; noble metals 
including copper, silver, gold, platinum, paladium and iri 
dium; refractory metals including molybdenum, tungsten, 
tantalum, titanium, rhenium, or niobium; stainless steels 
alloyed With noble and/or refractory metals; magnesium; 
amorphous metals; plastically deformable metals (e.g., tan 
talum); nickel-based alloys (e.g., including platinum, gold 
and/or tantalum alloys); iron-based alloys (e.g., including 
platinum, gold and/or tantalum alloys); cobalt-based alloys 
(e.g., including platinum, gold and/or tantalum alloys); 
cobalt-chrome alloys (e.g., elgiloy); cobalt-chromium-nickel 
alloys (e.g., phynox); alloys of cobalt, nickel, chromium and 
molybdenum (e.g., MP35N or MP20N); cobalt-chromium 
vanadium alloys; cobalt-chromium-tungsten alloys; plati 
num-iridium alloys; platinum-tungsten alloys; magnesium 
alloys; titanium alloys (e. g., TiC, TiN); tantalum alloys (e.g., 
TaC, TaN); L605; magnetic ferrite; bioabsorbable materials, 
including magnesium; or other biocompatible metals and/or 
alloys thereof. 

In various embodiments, the support structure comprises a 
metallic material selected from stainless steel, nickel, silver, 
platinum, gold, titanium, tantalum, iridium, tungsten, a self 
expanding nickel-titanium alloy, a superelastic nickel-tita 
nium alloy sold under the tradename NITINOL or inconel. 
One particularly preferred material for forming a frame is 

a self-expanding material such as the superelastic nickel 
titanium alloy sold under the tradename NITINOL. Materials 
having superelastic properties generally have at least tWo 
phases: a martensitic phase, Which has a relatively loW tensile 
strength and Which is stable at relatively loW temperatures, 
and an austenitic phase, Which has a relatively high tensile 
strength and Which can be stable at temperatures higher than 
the martensitic phase. Shape memory alloys undergo a tran 
sition betWeen an austenitic phase and a martensitic phase at 
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certain temperatures. When they are deformed While in the 
martensitic phase, they retain this deformation as long as they 
remain in the same phase, but revert to their original con?gu 
ration When they are heated to a transition temperature, at 
Which time they transform to their austenitic phase. The tem 
peratures at Which these transitions occur are affected by the 
nature of the alloy and the condition of the material. Nickel 
titanium-based alloys (N iTi), Wherein the transition tempera 
ture is slightly loWer than body temperature, are preferred for 
the present invention. It can be desirable to have the transition 
temperature set at just beloW body temperature to insure a 
rapid transition from the martinsitic state to the austenitic 
state When the frame can be implanted in a body lumen. 

Preferably, the support structure comprises a self-expand 
ing nickel titanium (NiTi) alloy material. The nickel titanium 
alloy sold under the tradename NITINOL is a suitable self 
expanding material that can be deformed by collapsing the 
frame and creating stress Which causes the NiTi to reversibly 
change to the martensitic phase. The support structure can be 
restrained in the deformed condition inside a delivery sheath 
typically to facilitate the insertion into a patient’s body, With 
such deformation causing the isothermal phase transforma 
tion. Once Within the body lumen, the restraint on the support 
structure can be removed, thereby reducing the stress thereon 
so that the superelastic support structure returns toWards its 
original undeformed shape through isothermal transforma 
tion back to the austenitic phase. Other shape memory mate 
rials may also be utiliZed, such as, but not limited to, irradi 
ated memory polymers such as autocrosslinkable high 
density polyethylene (HDPEX). Shape memory alloys are 
knoWn in the art and are discussed in, for example, “Shape 
Memory Alloys,” Scienti?c American, 281 :74-82 (November 
1979), incorporated herein by reference. 
Some embodiments provide support structures that are not 

self-expanding, or that do not comprise superelastic materi 
als. For example, in other embodiments, the support structure 
can comprise silicon-carbide (SiC). For example, published 
US. Patent Application No. US2004/034409 to Hueblein et 
al., published on Feb. 14, 2004 and incorporated in its entirety 
herein by reference, discloses various suitable frame materi 
als and con?gurations. 

Other suitable materials used in the support structure 
include carbon or carbon ?ber; cellulose acetate, cellulose 
nitrate, silicone, polyethylene teraphthalate, polyurethane, 
polyamide, polyester, polyorthoester, polyanhydride, poly 
ether sulfone, polycarbonate, polypropylene, high molecular 
Weight polyethylene, polytetra?uoroethylene, or another bio 
compatible polymeric material, or mixtures or copolymers of 
these; polylactic acid, polyglycolic acid or copolymers 
thereof, a polyanhydride, polycaprolactone, polyhydroxybu 
tyrate valerate or another biodegradable polymer, or mixtures 
or copolymers of these; a protein, an extracellular matrix 
component, collagen, ?brin or another biologic agent; or a 
suitable mixture of any of these. 

Valve Lea?et Composition 
The material used in body of the valve lea?ets includes a 

biocompatible material, and is, in one embodiment, a biore 
modelable material. Suitable bioremodelable materials may 
be made from natural or synthetic polymers, including col 
lagen. Thus, in general, the ?exible material may comprise a 
synthetic biocompatible polymer such as cellulose acetate, 
cellulose nitrate, silicone, polyethylene, teraphthalate, poly 
urethane, polyamide, polyester, polyorthoester, poly anhy 
dride, polyether sulfone, polycarbonate, polypropylene, high 
molecular Weight polyethylene, a ?uoroplastic material such 
as polytetra?uoroethylene, or mixtures or copolymers 
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thereof; polylactic acid, polyglycolic acid or copolymers 
thereof, a polyanhydride, polycaprolactone, polyhydroxy 
butyrate valerate, polyhydroxyalkanoate, or another biode 
gradable polymer. 

In certain embodiments of the invention, the ?exible mate 
rial is comprised of a naturally derived or synthetic collag 
enous material, and especially an extracellular collagen 
matrix material. Suitable extracellular matrix materials 
(“ECM material”) include, for instance, submucosa (includ 
ing, for example, small intestinal submucosa (“SIS”), stom 
ach submucosa, urinary bladder submucosa, or uterine sub 
mucosa), renal capsule membrane, dura mater, pericardium, 
serosa, and peritoneum or basement membrane materials, 
including liver basement membrane. These layers may be 
isolated and used as intact natural sheet forms, or reconsti 
tuted collagen layers including collagen derived from these 
materials or other collagenous materials may be used. For 
additional information as to submucosa materials useful in 
the present invention, and their isolation and treatment, ref 
erence can be made to US. Pat. Nos. 4,902,508, 5,554,389, 
5,993,844, 6,206,931, and 6,099,567, the contents of Which 
are incorporated herein by reference. Renal capsule tissue can 
also be obtained from Warm blooded vertebrates, as described 
more particularly in copending US. patent application Ser. 
No. 10/186,150, ?led Jun. 28, 2002, and International Patent 
Application Serial Number PCT/US02/20499, ?led Jun. 28, 
2002, and published I an. 9, 2003 as International Publication 
Number W003002165, the contents of Which are incorpo 
rated herein by reference. 

In one embodiment of the invention, the ECM material is 
porcine SIS. SIS can be prepared according to the method 
disclosed in US. 2004/0180042A1, published Sep. 16, 2004, 
the contents of Which are incorporated herein by reference. 

In certain embodiments of the invention, the valve lea?et 
material is a biocompatible polyurethane. One example of a 
biocompatible polyurethane is THORALON (THORATEC, 
Pleasanton, Calif.), as described in US. Pat.Application Pub 
lication No. 2002/0065552 A1 and US. Pat. No. 4,675,361, 
both of Which are incorporated herein by reference. Accord 
ing to these patents, THORALON is a polyurethane base 
polymer (referred to as BPS-215) blended With a siloxane 
containing surface modifying additive (referred to as SMA 
300). Base polymers containing urea linkages can also be 
used. The concentration of the surface modifying additive 
may be in the range of 0.5% to 5% by Weight of the base 
polymer. 

The SMA-300 component (THORATEC) is a polyure 
thane comprising polydimethylsiloxane as a soft segment and 
the reaction product of diphenylmethane diisocyanate (MDI) 
and 1,4-butanediol as a hard segment. A process for synthe 
siZing SMA-300 is described, for example, in US. Pat. Nos. 
4,861,830 and 4,675,361, Which are incorporated herein by 
reference. 

The BPS-215 component (THORATEC) is a segmented 
polyetherurethane urea containing a soft segment and a hard 
segment. The soft segment is made of polytetramethylene 
oxide (PTMO), and the hard segment is made from the reac 
tion of 4,4'-diphenylmethane diisocyanate (MDI) and ethyl 
ene diamine (ED). 
THORALON can be manipulated to provide either porous 

or non-porous THORALON. Porous THORALON can be 

formed by mixing the polyetherurethane urea (BPS-215), the 
surface modifying additive (SMA-300) and a particulate sub 
stance in a solvent. The particulate may be any of a variety of 
different particulates or pore forming agents, including inor 
ganic salts. Preferably the particulate is insoluble in the sol 
vent. The solvent may include dimethyl formamide (DMF), 
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tetrahydrofuran (THF), dimethyacetamide (DMAC), dim 
ethyl sulfoxide (DMSO), or mixtures thereof. The composi 
tion can contain from about 5 Wt % to about 40 Wt % polymer, 
and different levels of polymer Within the range can be used to 
?ne tune the viscosity needed for a given process. The com 
position can contain less than 5 Wt % polymer for some spray 
application embodiments. The particulates can be mixed into 
the composition. For example, the mixing can be performed 
With a spinning blade mixer for about an hour under ambient 
pressure and in a temperature range of about 18° C. to about 
27° C. The entire composition can be cast as a sheet, or coated 
onto an article such as a mandrel or a mold. In one example, 

the composition can be dried to remove the solvent, and then 
the dried material can be soaked in distilled Water to dissolve 
the particulates and leave pores in the material. In another 
example, the composition can be coagulated in a bath of 
distilled Water. Since the polymer is insoluble in the Water, it 
Will rapidly solidify, trapping some or all of the particulates. 
The particulates can then dissolve from the polymer, leaving 
pores in the material. It may be desirable to use Warm Water 
for the extraction, for example Water at a temperature of about 
60° C. The resulting pore diameter can also be substantially 
equal to the diameter of the salt grains. 
The porous polymeric sheet can have a void-to-volume 

ratio from about 0.40 to about 0.90. Preferably the void-to 
volume ratio is from about 0.65 to about 0.80. The resulting 
void-to-volume ratio can be substantially equal to the ratio of 
salt volume to the volume of the polymer plus the salt. Void 
to-volume ratio is de?ned as the volume of the pores divided 
by the total volume of the polymeric layer including the 
volume of the pores. The void-to-volume ratio can be mea 
sured using the protocol described in AAMI (Association for 
the Advancement of Medical Instrumentation) VP20-1994, 
Cardiovascular ImplantsiVascular Prosthesis section 
8.2.1.2, Method for Gravimetric Determination of Porosity. 
The pores in the polymer can have an average pore diameter 
from about 1 micron to about 400 microns. Preferably the 
average pore diameter is from about 1 micron to about 100 
microns, and more preferably is from about 1 micron to about 
10 microns. The average pore diameter is measured based on 
images from a scanning electron microscope (SEM). Forma 
tion of porous THORALON is described, for example, in 
US. Pat. No. 6,752,826 and 2003/0149471 A1, both ofWhich 
are incorporated herein by reference. 

Non-porous THORALON can be formed by mixing the 
polyetherurethane urea (BPS-215) and the surface modifying 
additive (SMA-300) in a solvent, such as dimethyl formamide 
(DMF), tetrahydrofuran (THF), dimethyacetamide (DMAC), 
dimethyl sulfoxide (DMSO). The composition can contain 
from about 5 Wt % to about 40 Wt % polymer, and different 
levels of polymer Within the range can be used to ?ne tune the 
viscosity needed for a given process. The composition can 
contain less than 5 Wt % polymer for some spray application 
embodiments. The entire composition can be cast as a sheet, 
or coated onto an article such as a mandrel or a mold. In one 

example, the composition can be dried to remove the solvent. 
THORALON has been used in certain vascular applica 

tions and is characterized by thromboresistance, high tensile 
strength, loW Water absorption, loW critical surface tension, 
and good ?ex life. THORALON is believed to be biostable 
and to be useful in vivo in long term blood contacting appli 
cations requiring biostability and leak resistance. Because of 
its ?exibility, THORALON is useful in larger vessels, such as 
the abdominal aorta, Where elasticity and compliance is ben 
e?cial. 
A variety of other biocompatible polyurethanes/polycar 

bamates and urea linkages (hereinafter “4C(O)N or CON 
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type polymers”) may also be employed. These include CON 
type polymers that preferably include a soft segment and a 
hard segment. The segments can be combined as copolymers 
or as blends. For example, CON type polymers With soft 
segments such as PTMO, polyethylene oxide, polypropylene 
oxide, polycarbonate, polyole?n, polysiloxane (i.e. polydim 
ethylsiloxane), and other polyether soft segments made from 
higher homologous series of diols may be used. Mixtures of 
any of the soft segments may also be used. The soft segments 
also may have either alcohol end groups or amine end groups. 
The molecular Weight of the soft segments may vary from 
about 500 to about 5,000 g/mole. 

Preferably, the hard segment is formed from a diisocyanate 
and diamine. The diisocyanate may be represented by the 
formula OCN-R-NCO, Where -R- may be aliphatic, aromatic, 
cycloaliphatic or a mixture of aliphatic and aromatic moi 
eties. Examples of diisocyanates include MDI, tetramethyl 
ene diisocyanate, hexamethylene diisocyanate, trimethyhex 
amethylene diisocyanate, tetramethylxylylene diisocyanate, 
4,4'-dicyclohexylmethane diisocyanate, dimer acid diisocy 
anate, isophorone diisocyanate, metaxylene diisocyanate, 
diethylbenZene diisocyanate, decamethylene 1,10 diisocyan 
ate, cyclohexylene 1,2-diisocyanate, 2,4-toluene diisocyan 
ate, 2,6-toluene diisocyanate, xylene diisocyanate, m-phe 
nylene diisocyanate, hexahydrotolylene diisocyanate (and 
isomers), naphthylene-1,5-diisocyanate, 1-methoxyphenyl 
2,4-diisocyanate, 4,4'-biphenylene diisocyanate, 3,3‘ 
dimethoxy-4,4'-biphenyl diisocyanate and mixtures thereof. 

The diamine used as a component of the hard segment 
includes aliphatic amines, aromatic amines and amines con 
taining both aliphatic and aromatic moieties. For example, 
diamines include ethylene diamine, propane diamines, 
butanediamines, hexanediamines, pentane diamines, heptane 
diamines, octane diamines, m-xylylene diamine, 1,4-cyclo 
hexane diamine, 2-methypentamethylene diamine, 4,4'-me 
thylene dianiline, and mixtures thereof. The amines may also 
contain oxygen and/ or halogen atoms in their structures. 

Other applicable biocompatible polyurethanes include 
those using a polyol as a component of the hard segment. 
Polyols may be aliphatic, aromatic, cycloaliphatic or may 
contain a mixture of aliphatic and aromatic moieties. For 
example, the polyol may be ethylene glycol, diethylene gly 
col, triethylene glycol, 1,4-butanediol, 1,6-hexanediol, 1,8 
octanediol, propylene glycols, 2,3-butylene glycol, dipropy 
lene glycol, dibutylene glycol, glycerol, or mixtures thereof. 

Biocompatible CON type polymers modi?ed With cat 
ionic, anionic and aliphatic side chains may also be used. See, 
for example, US. Pat. No. 5,017,664. 

Other biocompatible CON type polymers include: seg 
mented polyurethanes, such as BIOSPAN; polycarbonate 
urethanes, such as BIONATE; and polyetherurethanes, such 
as ELASTHANE; (all available from POLYMER TECH 
NOLOGY GROUP, Berkeley, Calif.). 

Other biocompatible CON type polymers can include 
polyurethanes having siloxane segments, also referred to as a 
siloxane-polyurethane. Examples of polyurethanes contain 
ing siloxane segments include polyether siloxane-polyure 
thanes, polycarbonate siloxane-polyurethanes, and siloxane 
polyurethane ureas. Speci?cally, examples of siloxane 
polyurethane include polymers such as ELAST-EON 2 and 
ELAST-EON 3 (AORTECH BIOMATERIALS, Victoria, 
Australia); polytetramethyleneoxide (PTMO) and polydim 
ethylsiloxane (PDMS) polyether-based aromatic siloxane 
polyurethanes such as PURSIL-10, -20, and -40 TSPU; 
PTMO and PDMS polyether-based aliphatic siloxane-poly 
urethanes such as PURSIL AL-5 and AL-10 TSPU; aliphatic, 
hydroxy-terminated polycarbonate and PDMS polycarbon 
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ate-based siloxane-polyurethanes such as CARBOSIL-10, 
-20, and -40 TSPU (all available from POLYMER TECH 
NOLOGY GROUP). The PURSIL, PURSIL -AL, and CAR 
BOSIL polymers are thermoplastic elastomer urethane 
copolymers containing siloxane in the soft segment, and the 
percent siloxane in the copolymer is referred to in the grade 
name. For example, PURSIL-10 contains 10% siloxane. 
These polymers are synthesiZed through a multi-step bulk 
synthesis in Which PDMS is incorporated into the polymer 
soft segment With PTMO (PURSIL) or an aliphatic hydroxy 
terrninated polycarbonate (CARBOSIL). The hard segment 
consists of the reaction product of an aromatic diisocyanate, 
MDI, With a loW molecular Weight glycol chain extender. In 
the case of PURSIL-AL the hard segment is synthesiZed from 
an aliphatic diisocyanate. The polymer chains are then termi 
nated With a siloxane or other surface modifying end group. 
Siloxane-polyurethanes typically have a relatively loW glass 
transition temperature, Which provides for polymeric materi 
als having increased ?exibility relative to many conventional 
materials. In addition, the siloxane-polyurethane can exhibit 
high hydrolytic and oxidative stability, including improved 
resistance to environmental stress cracking. Examples of 
siloxane-polyurethanes are disclosed in US. Pat. Application 
Publication No. 2002/0187288 A1, Which is incorporated 
herein by reference. 

In addition, any of these biocompatible CON type poly 
mers may be end-capped With surface active end groups, such 
as, for example, polydimethylsiloxane, ?uoropolymers, poly 
ole?n, polyethylene oxide, or other suitable groups. See, for 
example the surface active end groups disclosed in US. Pat. 
No. 5,589,563, Which is incorporated herein by reference. 

In another embodiment of the invention, the valve lea?et 
material is formed from or coated With a polyparaxylene 
(“parylene”) or a parylene derivative, for example parylene C 
or parylene N. For example, the parylene or parylene deriva 
tive is created by ?rst heating p-xylene or a suitable derivative 
at an appropriate temperature (for example, at about 950° C.) 
to produce the cyclic dimer di-p-xylylene (or a derivative 
thereof). The resultant solid can be separated in pure form, 
and then cracked and pyrolyZed at an appropriate temperature 
(for example, at about 680° C.) to produce a monomer vapor 
of p-xylylene (or derivative); the monomer vapor is cooled to 
a suitable temperature (for example, beloW 50° C.) and the 
lea?et formed by vapor phase deposition. 

Attachment of the Valve Lea?ets to the Support Structure 
Another aspect of the present invention provides methods 

for attaching a valve lea?ets to the support structure. The 
valve lea?et material can be attached to the support structure 
by any appropriate attachment means, including but not lim 
ited to, adhesive, fasteners, and tissue Welding using heat 
and/or pressure. Alternatively, the valve lea?et may be 
formed on the support structure by an appropriate means, 
including but not limited to vapor deposition, spraying, elec 
trostsatic deposition, ultrasonic deposition, or dipping. 

In one embodiment of the invention, the valve prosthesis 
includes a valve lea?et formed from a non-porous biocom 
patible polyurethane based polymer such as non-porous 
THORALON. According to one method of attachment, a 
solution comprising a dissolved THORALON is coated and 
dried on a mandril to form a valve lea?et. 

A solution for forming non-porous THORALON can be 
made by mixing the polyetherurethane urea (BPS-215) and 
the surface modifying additive (SMA-300) in a solvent, such 
as dimethyl formamide (DMF), tetrahydrofuran (THF), dim 
ethyacetamide (DMAC), or dimethyl sulfoxide (DMSO). The 
composition can contain from about 5 Wt % to about 40 Wt % 
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polymer, and different levels of polymer Within the range can 
be used to ?ne tune the viscosity needed for a given process. 
The composition can contain less than 5 Wt % polymer for 
some spray application embodiments. 
The entire composition can be cast as a sheet, or coated 

onto an article such as a mandril or a mold. In one example, 
the composition can be dried to remove the solvent. The 
mandril can be made from any suitable material that permits 
the THORALON to coated, dried on and removed from the 
mandril surface. Suitable materials include stainless steel and 
glass. In one embodiment, at least a portion of the outer 
surface of the mandril is formed in the desired shape of a valve 
lea?et. The valve lea?et can be formed by coating a thin layer 
of a solution of THORALON onto the shaped portion of the 
mandril, drying the coating of the THORALON on the man 
dril surface, and carefully removing the dried layer of THO 
RALON. 
One or more valve lea?ets can be attached to the support 

frame by any suitable technique. In one embodiment, the 
valve lea?ets comprise THORALON that is attached to the 
support frame by being formed around and encapsulating 
portions of the support frame. In one method, a solution 
comprising dissolved THORALON is sprayed and dried on 
an assembly formed by ?tting at least a portion of the support 
frame over a mandril to form a valve prosthesis comprising 
one or more valve lea?ets. 

In one embodiment, one or more pre-coating layer(s) of 
THORALON are coated onto at least a portion of the mandril. 
Next, the support frame is ?tted onto the mandril. The support 
frame can be any of those described above. Third, a solution 
comprising a DMAC solution of non-porous THORALON is 
coated onto the assembly comprising the mandril and the 
support frame using any suitable method, including spraying 
or dipping. 

In one embodiment, a solution of THORALON is sprayed 
from a spray gun onto the assembly and the mandril is rotated 
during spraying process to promote uniform coating of the 
mandril. Any suitable rate of rotation can be used that pro 
vides for a uniform coating of the mandril and retains the 
coated material on the surface of the mandril. In one embodi 
ment, the mandril is rotated at a rate of about 1 rpm. 
When a pre-coating layer is present on the mandril, the 

THORALON adheres to the pre-coating layer as the solution 
of THORALON is spray coated onto the surface of the assem 
bly and forms a sheet of THORALON that encapsulates 
portions of the support structure. Optionally, one or more 
bioactive agents can be coated onto the mandril With the 
THORALON. 

In one embodiment, the pre-coating layer is ?rst dried on 
the mandril, then the support frame is placed over the coated 
mandril, and ?nally second layer of THORALON is spray 
coated over the support frame as a solution comprising a 
suitable solvent such as DMAC and THORALON. The sol 
vent in the spray solution preferably partially solubiliZes the 
pre-coating layer so that one fused layer of THORALON is 
formed. The fused layer can encapsulate portions of the sup 
port frame and be solidi?ed by evaporation of residual sol 
vent, thereby joining the THORALON to the support frame. 
The residual solvent in the fused layer can be evaporated by 
heating the valve prosthesis on the mandril. 

Alternatively, one or more valve lea?ets can be attached to 

the support frame by other methods. In one embodiment, a 
sheet of material is cut to form a valve lea?et and the edges of 
the lea?et are Wrapped around portions of a support frame and 
portions of the valve lea?et sealibly connected together to 
fasten the valve lea?et around the support frame. For 
example, one edge of a sheet of valve lea?et material can be 
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Wrapped around a portion of the support frame and held 
against the body of the valve lea?et, so that the valve lea?et 
material forms a lumen enclosing a portion of the support 
frame. A small amount of a suitable solvent is then applied to 
the edge of the valve lea?et material to dissolve the edge into 
an adjacent portion of the valve lea?et material and thereby 
seal the material around the support frame. 

In another embodiment, the sheet of valve lea?et material 
is shaped to form the valve lea?et that is attached to a portion 
of a support frame using stitching through the valve lea?et 
material and around a portion of the support structure, adhe 
sives, tissue Welding or cross linking to directly join the valve 
lea?et material to the support frame. A valve lea?et attached 
to a support frame can be permitted to move relative to the 
support frame, or the valve lea?et can be substantially ?xed in 
its position or orientation With respect to the support frame by 
using attachment con?gurations that resist relative movement 
of the valve lea?et and the support frame. 

An electrostatic spray deposition (ESD) method of coating 
the valve lea?et material onto a mandril can also be used to 
form a valve lea?et. In this embodiment, particles in the 
sprayed solution of valve lea?et material are electrostatically 
charged When leaving the noZZle of the spray gun and the 
mandril is maintained at an electrical potential or grounded to 
attract the charged particles from the sprayed solution of 
valve lea?et material. The solution of valve lea?et material is 
?rst dissolved in a solvent and then sprayed onto the mandril 
using an ESD process. 

The ESD process generally depends on the principle that a 
charged particle is attracted toWards a grounded target. With 
out being con?ned to any theory, the typical ESD process may 
be described as folloWs. The solution that is to be deposited on 
the mandril is typically charged to several thousand volts 
(typically negative) and the mandril held at ground potential. 
The charge of the solution is generally great enough to cause 
the solution to jump across an air gap of several inches before 
landing on the target. As the solution is in transit toWards the 
target, it fans out in a conical pattern Which aids in a more 
uniform coating. In addition to the conical spray shape, the 
charged particles are further attracted toWards the conducting 
portions of the target, rather than toWards any non-conductive 
region of the target, leaving the coating mainly on the con 
ducting regions of the target. 

Generally, the ESD method alloWs for control of the coat 
ing composition and surface morphology of the deposited 
coating. In particular, the morphology of the deposited coat 
ing may be controlled by appropriate selection of the ESD 
parameters, as set forth in WO 03/006180 (Electrostatic 
Spray Deposition (ESD) of biocompatible coatings on Metal 
lic Substrates), the contents of Which are incorporated herein 
by reference. For example, a coating having a uniform thick 
ness and grain siZe, as Well as a smooth surface, may be 
obtained by controlling deposition conditions such as depo 
sition temperature, spraying rate, precursor solution, and bias 
voltage betWeen the spray noZZle and the medical device 
being coated. The deposition of porous coatings is also pos 
sible With the ESD method. 

One hypothetical example of an electrostatic spraying 
apparatus and method is provided. Speci?cally, a solution of 
a non-porous THORALON material couldbe loaded into a 20 
mL syringe of an ESD apparatus from Teronics Development 
Corp., Which can then be mounted onto a syringe pump and 
connected to a tub that carries the solution to a spray head. 
The syringe pump could then used to purge the air from the 
solution line and prime the line and spray noZZle With solu 
tion. An electrical connection to the noZZle could supply the 














